Abstract. The stable isotopes of nitrogen offer a unique perspective on changes in the nitrogen cycle, past and present. However, the presence of multiple forms of nitrogen in marine sediments can complicate the interpretation of bulk nitrogen isotope measurements. Although the large-scale global patterns of seafloor δ 15 N have been shown to match process-based expectations, small-scale heterogeneity on the seafloor, or alterations of isotopic signals during translation into the subseafloor record, could obscure the primary signals. Here, a public database of nitrogen isotope measurements is described, including both seafloor and subseafloor sediment samples ranging in age from modern to the Pliocene, and used to assess these uncertainties. In general, good agreement is observed between neighbouring seafloor sites within a 100 km radius, with 85 % showing differences of < 1 ‰. There is also a good correlation between the δ 15 N of the shallowest (<5 ka) subseafloor sediments and neighbouring seafloor sites within a 100 km radius (R 2 = 0.83), which suggests a reliable translation of sediments into the buried sediment record. Meanwhile, gradual δ 15 N decreases over multiple glacial-interglacial cycles appear to reflect post-depositional alteration in records from the deep sea (below 2000 m). We suggest a simple conceptual model to explain these 100-kyr-timescale changes in well-oxygenated, slowly accumulating sediments, which calls on differential loss rates for pools of organic N with different δ 15 N. We conclude that bulk sedimentary nitrogen isotope records are reliable monitors of past changes in the marine nitrogen cycle at most locations, and could be further improved with a better understanding of systematic post-depositional alteration. Furthermore, geochemical or environmental criteria should be developed in order to effectively identify problematic locations and to account for confounding influences where possible.
Introduction
Nitrogen is a critical nutrient element in marine ecosystems, limiting the growth of marine life over most of the oceans (Falkowski, 1997) . The supply of bioavailable nitrogen is currently being modified anthropogenically in multiple ways (Gruber and Galloway, 2008) . Future changes in the nitrogen cycle have the potential to significantly impact the oceanic nutrient regime, with significant implications for the marine ecosystem, but uncertainty remains regarding how sensitive the nitrogen cycle will prove to be.
Measurements of nitrogen isotopes in marine sediments provide a unique way of understanding the past and present marine nitrogen cycle and its relationship to climate change. The nitrogen isotope ratio ( 15 N/ 14 N) in a sample is expressed relative to the nitrogen isotope composition of a standard, conventionally atmospheric nitrogen gas (δ 15 N = ([ 15 N/ 14 N] sample / [ 15 N/ 14 N] air − 1)× 1000 ‰). Over the past two decades, the systematics of nitrogen isotopes in the ocean have become increasingly well understood, providing a sound theoretical basis for their interpretation (Altabet, 2006; Galbraith et al., 2008a) . Meanwhile, scores of individual marine sedimentary δ 15 N records have been published, spanning from the late Holocene to the early Pliocene. The δ 15 N of bulk marine sediment reflects three components: marine organic matter, terrestrial organic matter, and
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inorganic nitrogen. The latter is dominated by clay-bound NH + 4 , and can be significant in areas of high clay input relative to organic matter sedimentation Kienast et al., 2005) . Terrestrial organic matter can also be significant in the vicinity of rivers or glacial discharge with high particulate loads (McKay et al., 2004) , but tends to be overwhelmed by marine organic matter elsewhere (Altabet, 2006) . Because we are generally interested in marine organic nitrogen, the terrestrial and inorganic sources are viewed as contaminants to be avoided. The δ 15 N of marine organic matter exported from the surface is equal to the isotopic composition of the nitrogen substrate supplied to the surface. A small fraction of this nitrogen is provided by local N 2 fixation or atmospheric deposition, but the majority is supplied by upward transport from the subsurface nitrate reservoir. The isotopic composition of nitrate itself is determined by fractionation during the uptake of nitrate by phytoplankton (Needoba et al., 2004) and the conversion of bioavailable N to N 2 gas by denitrification (including anammox) (Brandes and Devol, 1997) . Both of these reactions are more rapid for 14 N than for 15 N, leaving the residual nitrogen pool enriched in 15 N. The uptake fractionation of phytoplankton leads only to internal gradients in the ocean, with low values in nitrate-rich regions and high values in the nitrate-poor gyres (Galbraith et al., 2013) , while the loss of 14 N through denitrification causes the global fixed N pool to be enriched relative to its source (∼ 5 ‰, Brandes and Devol, 2002) . The sources of biologically available nitrogen to the ocean, from terrestrial inputs and marine N 2 fixation, appear to cluster around 0 ‰ (Brandes and Devol, 2002; Knapp et al., 2010) , though they remain poorly constrained.
Alteration of δ 15 N from the primary marine signal to the preserved sedimentary value, parochially known as diagenesis, has long been recognized as a concern (Altabet and Francois, 1994) . The δ 15 N of sinking particles has been shown to vary in the water column with no clear relationship with water depth, suggesting heterogenous processes that vary in time and space (Robinson et al., 2012; Lourey et al., 2003) . Yet, the global pattern of seafloor δ 15 N shows broad similarities to that expected from both water column nitrate isotopic measurements and global isotope-biogeochemical models, showing that the material that reaches the seafloor is a better reflection of surface processes than the sinking particles would suggest (Robinson et al., 2012; Galbraith et al., 2013) . Nonetheless, bulk δ 15 N could be compromised either (1) by significant variability in seafloor δ 15 N over small scales, rendering individual records suspect, or (2) if subseafloor sediments of the geological record do not faithfully represent the isotopic composition of their modern (seafloor) counterparts due to diagenetic alteration. Neither of these concerns can be easily addressed from individual records alone.
Here, we describe the first iteration of a global database of published marine bulk sediment δ 15 N measurements, including both seafloor and subseafloor downcore sediments. The Nitrogen Cycle in the Oceans, Past and Present (NICOPP) database is intended to aid in deciphering the overlapping isotopic factors over a broad range of timescales, while answering a call for more thorough data management within the geoscience community at large (Parsons et al., 2010) . The compilation aims to include all published δ 15 N records from marine sediments of any age retrieved from anywhere in a modern ocean basin (i.e. not including marine sediments now found on land). Some unpublished data are also included in the database. The current database includes only bulk sedimentary δ 15 N, which represents the isotopic composition of all combustible nitrogen in the sediment. Additional types of δ 15 N measurements, such as species-specific δ 15 N measurements (diatom, foraminifera, etc.), could be added in future. We anticipate that, by assembling all δ 15 N records previously presented in the literature, the patterns of multiple nitrogen cycling processes will become clearer, local discrepancies more obvious, data gaps highlighted, and progress will be more efficiently made toward quantifying the fidelity with which sedimentary δ 15 N tracks sinking and sedimented organic matter.
The goals of this paper are twofold: first, to provide a brief technical description of the NICOPP database for future investigators who will focus on specific aspects of the data therein; second, to use the database in order to evaluate the degree to which downcore sedimentary δ 15 N records reflect the δ 15 N of nearby core-top data, through a spatial comparison with neighbouring observations and a temporal comparison with observations throughout the Late Pleistocene. This provides a novel global view on spatial variability in δ 15 N and diagenesis. We do not discuss detailed interpretations of the δ 15 N records here as they inform past changes in the N cycle; this complex topic is left for other works to explore.
The sedimentary δ 15 N database is available for use by the scientific community to assist in further research and analysis. The database will be updated as new records become available, and the authors welcome additional contributions.
Database description
All data represent measurements of dry, homogenized bulk sediment. Analytical methods have varied to some degree between laboratories and over time. Most measurements made prior to 1995 used the offline Dumas combustion method (Minagawa et al., 1984) . Subsequent to 1995, most analyses were made using an elemental analyser, coupled to an isotope ratio mass spectrometer (IRMS) in a continuous flow mode, with a few exceptions (e.g. Agnihotri et al., 2003) . Commonly used elemental analysers include the Carlo-Erba, Europa Euroboprep, and Fisons North America, while IRMS models include the Finnigan MAT, VG PRISM, Micromass Isoprime, and Thermo-Finnigan DELTA. In all cases, He is used as the carrier gas. Most analyses are calibrated with recognized standards (e.g. IAEA-N1, -N2, NIST 8548 or local air), and some laboratories supplement these with their own sediment standards. The combusted material is dominated by marine organic matter at most locations, although there is significant contamination by clay-bound inorganic (Kienast et al., 2005) and terrigenous nitrogen ) in some locations. Given the known problems with acidification of samples (Brodie et al., 2011) , we flagged samples that had been acidified where possible, though acidification is not always reported. Reported errors for the bulk combustion method are generally better than ±0.3 ‰ for replicates.
The database is publicly available and can be accessed at http://www.ncdc.noaa.gov/paleo/pubs/nicopp/nicopp.html. It may be expanded to include mineral-bound and compound-specific fractions in future.
Seafloor sediments
Thus far, the collection of seafloor sediment δ 15 N contains more than 2300 sites, which include only real sediment measurements from any depth and region of the ocean seafloor (Fig. 1) . Most of these sites (ca. 90 %) are multicores, giantbox cores, or core-tops of piston and gravity cores. There is some uncertainty about what time range the seafloor sediment samples represent. Very few seafloor δ 15 N values have been associated with an actual age measurement, but we can assume that in low sedimentation regions samples represent a much longer timescale (order 10 3 yr) compared with highsedimentation sites (order 10 2 yr).
The seafloor δ 15 N values range from 2.5 to 16.6 ‰ ( Fig. 1,  inset) . The average isotopic composition is 6.7 ‰, higher than the average isotopic composition of nitrate in the ocean (∼5 ‰, Sigman et al., 1997 Sigman et al., , 1999 . However, the dataset is positively skewed towards higher δ 15 N, such that the majority of sites have values centred at around 4 to 6 ‰ ( Fig. 1,  inset ). Given the highly irregular sampling pattern (Fig. 1) , a significant spatial bias is likely, and may partially explain the elevated mean value. However, it has been shown that the δ 15 N of bulk nitrogen in well-oxygenated sediments of the deep sea is higher than the δ 15 N of organic matter exported from the surface (Altabet and Francois, 1994) , with a general increase of 0.75 per km water depth (Robinson et al., 2012; Galbraith et al., 2013) . This is likely the primary explanation for the generally elevated seafloor δ 15 N.
The global map of seafloor δ 15 N ( Fig. 1 ) reveals regionally consistent patterns, aligned with large-scale oceanic features. As expected from prior work, regions of upwelling have lower δ 15 N due to incomplete consumption of nitrate, while regions near zones of water column anoxia have higher δ 15 N due to the preferential loss of 14 N nitrate during denitrification. These patterns are discussed in detail elsewhere (Galbraith et al., 2008a and references therein).
Subseafloor sediments
The subseafloor database includes δ 15 N measurements and corresponding sediment depths, as well as (where available) a published age model, nitrogen content (% N), total organic carbon content (% C org ) and dry bulk density. We identified 173 subseafloor records for which bulk sedimentary δ 15 N data exist (Table 1) . We obtained δ 15 N data for 153 core sites, while we could only obtain a complete set of ancillary measurements (% N, % C org , dry bulk density) for 14 of those core sites, while an additional 79 core sites have at least % N or % C org . Age models were entered as published in the original references with no alteration (with a few exceptions where the age model was unavailable and needed to be regenerated from the original age control data).
The majority of subseafloor records are situated along the coast, where sedimentation rates are high and there has been greater confidence in the fidelity of sediment δ 15 N Altabet et al., 1999) . In addition, records are concentrated at regions of interest, including those associated with coastal upwelling and/or suboxic conditions with water column denitrification. Thus, the database has a high degree of spatial bias. In particular, as illustrated in Figs. 2 and 3a, a considerable number of records are from the Arabian Sea (17 %), the South China Sea (13 %), the eastern equatorial Pacific (19 %), the west coasts of North (12 %) and South America (14 %), and the southwest coast of Africa (11 %). As in the case of surface sediment sampling ( Fig. 1) , we have vast regions of the ocean, especially in the Southern Hemisphere, where the spatial coverage of δ 15 N records is very poor. There were no published downcore records found in the Bay of Bengal, the southwest Pacific or, surprisingly, most of the North Atlantic (Fig. 3) . The temporal coverage of the available δ 15 N records shows, unsurprisingly, a strong bias toward the more recent timescales of the Holocene and Late Pleistocene periods. We find the maximum number of records between 5 and 20 ka before present (BP) (Fig. 4b) . As one might expect, most of the records that go beyond the last glacial-interglacial cycle (i.e. the last ∼ 120 ka) have the disadvantage of being considerably coarser in resolution. In fact, the average sampling frequency for the most recent times is as high as five measurements per kyr, dropping to less than one measurement per kyr by about 65 ka, and to one measurement every 4 kyr by 100 ka BP. To compare these unequally spaced time series of δ 15 N records quantitatively, we created a common age axis by interpolating all δ 15 N records.
3 Spatial and temporal consistency in sedimentary δ 15 N 3.1 Consistency at the seafloor According to Fig. 1 , some regions display strong gradients of surface δ 15 N, such as in the eastern Arabian Sea, where gradients as large as 4.5 ‰ occur within ∼1 • of latitude/longitude. In order to more clearly identify regions of pronounced small-scale variability, we analysed the similarity of neighbouring seafloor samples within 100 km of each other (Fig. 2) . This variance could be due to oceanic fronts generating gradients in the δ 15 N of exported organic matter, sedimentary processes causing heterogeneity at the seafloor, or even to discrepancies in measurement techniques. However, apart from a few regions (most notably the eastern Arabian Sea, central equatorial Pacific, and central equatorial Atlantic) the difference between neighbouring seafloor samples is small: less than the measurement error of 0.3 ‰ in 43 % of samples, and less than 1 ‰ in 85 % of samples.
The general similarity of neighbours could be surprising, given the potential complexity of bulk δ 15 N in marine sediments. The compilation here suggests that, in most of the ocean, spatial averaging by turbulent ocean circulation conspires with temporal averaging over centuries of deposition such that seafloor sediment generally provides a consistent reflection of the surrounding environment on a scale of order of 100 km, in 85 % of cases. This consistency does not mean that the seafloor bulk δ 15 N necessarily reflects exported marine organic δ 15 N, as contamination by terrestrial N occurs in some places (Kienast et al., 2005; Meckler et al., 2011) , a concern that must be evaluated on a site-specific basis. . We categorized records with high (circles) and low temporal resolution (triangles). High temporal resolution is considered to be an average sampling frequency of at least one data point every ky, whereas low resolution is everything longer than this threshold.
Consistency between seafloor and neighbouring subseafloor sediments
As shown above, the δ 15 N of neighbouring seafloor sediment samples is consistent within a 100 km radius for most of the oceans, suggesting that local variability of sedimentary environments does not usually compromise the nitrogen isotopic signal on the modern seafloor. However, it is possible that this seafloor material undergoes significant alteration during and immediately after burial, while still within the highly dynamic sediment horizon less than 20 cm beneath the sediment-water interface. In order to examine this, we follow the logic of Freudenthal et al. (2001) , who argued that post-depositional alteration should be apparent as a downcore gradient in the sediments deposited during the otherwise stable Holocene. Given that the age of core-tops and the precision of age control is highly variable among our database, we averaged all δ 15 N of late Holocene age (LH, 0-5 ka BP) for each available record. In general, one would expect the average LH δ 15 N of a sediment record to be about the same as the δ 15 N of the surrounding surface sediments, assuming that the δ 15 N of sinking organic nitrogen has been constant over this time period .
To test this hypothesis, we examine the correlation between the average LH subseafloor δ 15 N and the average δ 15 N of neighbouring seafloor samples within a radius of 100 km. First, we examine the correlation between LH and seafloor sediments within the eastern equatorial Pacific, where largeamplitude δ 15 N gradients are found together with relatively good coverage of both the seafloor and subseafloor. We average the core-top δ 15 N that falls within a 100 km radius of a chosen core site (see large circles, Fig. 5 ) and plot them against the LH average of that site (Fig. 6a) . As shown, the LH and seafloor averages correlate well (r = 0.78) and show the same trend of lower δ 15 N along the equator and coastline, and increased δ 15 N toward higher latitudes (Fig. 5) . Interestingly, the line of best fit is shifted, nearly parallel to the 1 : 1 line, suggesting a small, uniform δ 15 N enrichment from LH to seafloor values. We used a non-parametric bootstrap resampling of the data to test the consistency of the regression coefficients; this showed that the y-intercept has much higher uncertainty than the slope. We repeated this exercise for the Arabian Sea, and found similar results of r = 0.81 (not shown).
We then extended this analysis to the global dataset (Fig. 6b) . The correlation for the global ocean is even There are a number of outliers, but these are either from regions with large variability between neighbouring seafloor measurements (large vertical whiskers, Fig. 6b ), or with only one neighbour (no vertical whiskers). This correlation is highly encouraging for the use of bulk sedimentary nitrogen isotope measurements as a record of past changes in the sinking flux of organic nitrogen.
Despite the small magnitude of the discrepancies between seafloor and shallow subseafloor sediments, it is worthwhile considering their occurrence. The reasoning of Freudenthal et al. (2001) would predict that any discrepancies should represent diagenetic alterations. Surprisingly, the relationship between surface and LH values, δ 15 N seafloor − δ 15 N LH , shows some spatial coherence, with clear contrasts between oceanic regions (Fig. 7) . The δ 15 N seafloor − δ 15 N LH is consistently negative on the western coast of Africa, consistent with observations made by Freudenthal et al. (2001) . However, the picture is reversed along the western coasts of South and North America, where no sites show significant negative δ 15 N seafloor − δ 15 N LH . Elsewhere in the Pacific and Indian oceans, the changes between LH and surface δ 15 N are generally small or mixed.
We can conceive of two possibilities to explain these contrasts, one being that post-depositional alteration of δ 15 N varies between basins, due to changes in sediment characteristics, organic matter composition, or seafloor biota. Given that similar seafloor environments show opposite patterns (for example, the Benguela and Peruvian upwellings), while different environments within the same region show similar patterns (for example, Angola and the Mediterranean), this explanation seems unlikely. The second, more likely explanation is that the δ 15 N of sinking organic matter changed significantly over the late Holocene. If this is true, it implies that the fidelity with which seafloor δ 15 N is transferred into the sedimentary record is somewhat better than would be indicated by our seafloor-LH comparison (Fig. 6) , since the assumption of temporal invariance is incorrect. The sense of change between the LH and seafloor sediments, with decreasing δ 15 N in the Atlantic and increasing δ 15 N in the Pacific, would be consistent with an increase of water column denitrification (dominantly in the Indo-Pacific) and/or an increase of N 2 fixation rates (the isotopic imprint of which is stronger in the Atlantic) over this time period. We leave the resolution of this observation to future work.
Consistency between young and old sediments
The final possibility addressed here is that post-depositional alteration makes a significant imprint over longer timescales, e.g., 10 5 yr. In order to test this, we make the assumption that the nitrogen cycle behaved similarly over each of the most recent four glacial-interglacial cycles. This assumption is supported by the similarity of oceanic δ 18 O (Lisiecki and Raymo, 2005) and ice core records (Petit et al., 1999 ) over this interval. Thus, we would expect that the average δ 15 N recorded over a full glacial-interglacial cycle should be similar for all four cycles. We test this by averaging all available δ 15 N measurements within each cycle, defined by the terminations given in Lisiecki and Raymo (2005) . Errors in the assignments of the sedimentary depths at which terminations occurred should lead to one cycle's δ 15 N becoming erroneously high, while the adjacent cycle's would become lower.
The data show consistent averages between cycles for some cores, while others show lower δ 15 N in older sediments (Fig. 8) . In no cases did the older sediments show higher δ 15 N. Although we were not able to find a variable that successfully predicted the magnitude of the δ 15 N decreases between cycles, the water depth appears to divide the sites into two populations. The shallow sites (arbitrarily defined as water depth < 2000 m) show no consistent trend between cycles, as expected from the assumption of stationarity in the global N cycle over successive glacial-interglacial cycles, and an absence of long-term downcore diagenesis. However, the deep sites show lower δ 15 N in older sediments. Interestingly, the difference of δ 15 N between successive glacial cycles becomes smaller in older sediments, with differences 0.5 ± 0.20 ‰ between cycles 1 and 2, 0.4 ± 0.17 ‰ between cycles 2 and 3, and 0.0 ± 0.19 ‰ between cycles 3 and 4.
The magnitude of this decreasing trend, on the order of 1 ‰, is similar to the standard deviations of the records. If the diagenetic alteration were eliminating the record of past variability, it would be expected to reduce the standard deviations of the records going back in time. In fact, there is no such trend, suggesting that the long-term alteration does not eliminate the primary signal of variability in the export flux. However, given that it does shift the signal by an amount that rivals the original signal, it would be advantageous to quantify the long-term diagenesis if δ 15 N records of bulk N from the deep sea are to be used. The similarity among the long-term diagenesis evident in deep-sea records prompts us to seek a general mechanism that might explain it.
Mechanisms of diagenesis
The available global nitrogen isotopic data clearly show a diagenetic 15 N enrichment of the organic nitrogen in seafloor sediments, relative both to the δ 15 N of sinking organic matter (e.g. Gaye-Haake et al., 2005; Robinson et al., 2012) , and to that expected from an ocean biogeochemical model (Galbraith et al., 2013) . Moreover, this enrichment is greater in deeper sediments, which may result from their high porewater oxygen concentrations, slow sediment accumulation rates, or other features, as discussed in detail by Robinson et al. (2012) . It has been argued that the amino acids contained in the resistant biomolecules of bacterial cell walls (such as the structural molecule peptidoglycan) become the dominant amino acids in marine sediments during early diagenesis, on timescales of the order of thousands of years . These amino acids include aspartate, glutamate, and alanine, which are significantly enriched in 15 N among consumers, relative to the substrates (McClelland and Montoya, 2002) . It seems reasonable to assume that the loss of other low δ 15 N amino acids, relative to these resistant amino acids with higher δ 15 N, could be the primary cause behind the increase of δ 15 N at the seafloor. Subsequently, given sufficient time and oxygen, the residual exposed amino acids are likely to be consumed as well, gradually eliminating this effect, until the exposed organic nitrogen is contained exclusively in condensed molecules that resist further degradation. As the mass of exposed organic nitrogen dwindles, the nitrogen protected by minerals should become more significant, whether sorbed to the surface of clays or protected within the matrices of biogenic opal and calcite. Thus, the bulk isotopic composition should become closer to the isotopic composition of the mineral-protected pools as the protected pools become dominant. In settings where oxygen exposure times are extremely long, such as the deep sea, the extreme loss of exposed organic nitrogen could be expected to make the protected pool more important, which itself would depend on the composition of the sediment. For example, diatom-bound nitrogen would be expected to be important in the opal belts of the equatorial Pacific, subarctic Pacific and Southern Ocean, while calcite-bound nitrogen could be more important in carbonate-rich tropical sediments at shallower depths. Increasing burial depth may cause diagenetic changes in mineral structure, which could liberate protected N fractions. This liberated N would be remineralised and could be transported via porewater diffusion, or retained as absorbed NH + 4 , depending on the redox conditions and mineralogical environment of the sediment.
We suggest an extremely simple conceptual model that can explain aspects of the observations. If we define a labile pool of N, N labile , with δ 15 N labile , a resistant pool of N, N resistant , with δ 15 N resistant , and a protected pool of N, N protected with δ 15 N protected , we can write the equation
If we then assume that the porewaters are open such that dissolved N is free to leave the system, we can model the loss of the N pools as first-order processes, similar to the multi-G model (Westrich and Berner, 1984) , with rate constants γ labile and γ resistant :
and
We assume, for this very simple illustration, that the protected fraction does not change over time, although in reality it is likely to exchange with the porewater pool to some degree, and could be thought of as including condensed organic phases as well. If we pick decay timescales of γ labile = 1 kyr −1 and γ resistant = 0.01 kyr −1 , the model predicts an evolution of δ 15 N bulk and the relative fractions of the three N components as shown in Fig. 9 . Note that the initial values for all parameters were arbitrarily chosen for the two columns of Fig. 9 , and are purely for illustrative purposes. Nonetheless, this very simple model reproduces the general features observed, including a rapid diagenetic enrichment (order 10 3 yr), followed by a slow decrease of δ 15 N bulk as it asymptotically approaches the δ 15 N protected . The model is clearly a gross simplification of the complex sedimentary environment, and alternative models are feasible that could explain the data equally well. For example, there is likely to be a spectrum of protectedness (e.g. heavily silicified diatom frustules are more durable than fragile ones), and one would expect a transfer of N from the unprotected to the protected pool as organic molecules condense. With better understanding of the dynamics of N in sediments, as informed by the study of specific molecules and their δ 15 N, improved models will become possible.
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Conclusions
Sedimentary δ 15 N data from the ocean floor are now available in a single database, facilitating quantitative comparison of observations with each other and with biogeochemical ocean models. Although some regions of the seafloor are well sampled, δ 15 N data are sparse in vast regions of the oceans, such as the southern Indian Ocean, the subtropical gyres of the Pacific, and the North Atlantic. The clustered spatial distribution is even more prevalent in the collection of subseafloor sediment records, with most sites located on the continental shelves and slopes of the Pacific, Arabian Sea and southeastern Atlantic. Robinson et al. (2012) have shown that diagenesis during the sinking and sedimentation of organic N leads to an enrichment of seafloor δ 15 N relative to the export from the surface layer. Here, we examined the subsequent changes to δ 15 N, from the seafloor to the buried sediment record. Although some regions display elevated spatial variance between neighbouring seafloor δ 15 N measurements, reflecting strong oceanographic and/or sedimentary gradients, for most of the ocean the spatial variance is close to the measurement error over spatial scales of 100 km, showing that individual sites are good reflections of their surroundings in most of the ocean. We tested the fidelity of the buried sedimentary δ 15 N record by comparing the available surface data with the LH average from the uppermost part of subseafloor records. We found strong correlations between seafloor and subseafloor δ 15 N, which suggest reliable translation of sedimented δ 15 N into the buried sediment record. We also discern relatively weak, but regionally coherent patterns of change between LH and seafloor sediments, suggestive of an acceleration of the marine nitrogen cycle over the late Holocene period (i.e. greater rates of water column denitrification and/or N 2 fixation), rather than of significant diagenetic changes during the Holocene. However, a significant long-term diagenetic δ 15 N decrease does appear to be present in slowly accumulating sediments of the deep sea that span multiple glacialinterglacial cycles. We speculate that this decrease is due to a gradual loss of relatively resistant, 15 N-enriched unprotected organic matter, under oxic conditions, though more work is required in order to test this suggestion.
This global analysis agrees with that of Robinson et al. (2012) in that, in most cases, the alteration of the sinking δ 15 N signal by diagenesis is a secondary effect. Nonetheless, it is an effect that must be taken into account when using bulk δ 15 N data. We suggest that the problem can be dealt with in two ways. The first way is by attempting to identify hallmarks of diagenesis where possible, in order to either exclude the data or to correct them using a mechanistic model. Identification and quantification of diagenesis could be made using bulk geochemistry (e.g. C org vs. N org ), amino acid analyses, or mineral-bound δ 15 N. Second, by basing any analysis on a collection of records, rather than on an individual location, different sedimentary environments (likely to display a range of diagenetic alterations) will be included. Where patterns of δ 15 N variability over time are robust among a diversity of sedimentary environments, they are more likely to represent primary signals.
Further studies with the synthesised dataset will help to improve our understanding of the marine nitrogen cycle, and thus of ocean biogeochemical dynamics in general. The database will continue to grow as new sedimentary δ 15 N records become available.
